This paper provides a brief history of the F-16XL-1 aircraft, its role in the High
wind-tunnel and Computational Fluid Dynamics (CFD) data sets were generated during the CAWAP 2 . These are described and sample data comparisons given. This is followed by a description of how the project became internationalized and is concluded by an introduction to the results of a four year CFD predictive study of data collected at flight conditions.
CAWAP History F-16XL airplane
The F-16XL-1 airplane is a single-place, fighter-type prototype aircraft developed by the General Dynamics Corporation-Ft.Worth Division (now Lockheed Martin Aeronautics Company -Fort Worth) by stretching the fuselage of a Full-Scale Development F-16A and adding a cranked-arrow wing, a modified fuel system, and a modified flight control system. There were two F-16XL aircraft built, the -1, which was used in the CAWAP, and a two-place version, the -2. Consequently, the terms F-16XL and F-16XL-1 are used interchangeably in this paper.
Both aircraft had scheduled leading-edge flaps, elevons, and ailerons on the wing for control. The technical specifications for the airplane are given in Table 1 , which is reconstructed from reference 2. Details on the construction of the aircraft and its intended missions are given in references [3] [4] [5] . American Institute of Aeronautics and Astronautics 
HSR program overview
This program was started in 1990 to develop the technologies that would result in a supersonic passenger jet that would fly 300 passengers at more than twice the speed of sound while maintaining comparable ticket prices to current subsonic transports. As envisioned by the government and industrial partners, the high speed civil transport (HSCT) would cross the Atlantic or Pacific oceans in half the time of modern subsonic jets using new technologies for airframe manufacturing, propulsion systems, aerodynamics, and reduced environmental impacts.
By 1995, based on several industry design concepts, computer modeling, and wind tunnel tests, a Technology Concept Airplane was selected as a common reference point in furthering the technology development process. This single concept was to have improved aerodynamic performance and operational characteristics while also meeting environmental goals for emissions and noise pollution. The HSCT concept is depicted in Fig. 3 .
Figure 1. High-Speed Civil Transport concept.
Due to economic constraints, the program was phased out in fiscal year 1999. Despite the cancellation, the program still managed to meet or exceed many of the original HSR program goals. New high-temperature composite materials and structural concepts were developed to keep weight and manufacturing costs down while maintaining the strength and durability that would be required for the aircraft. NASA engineers developed new vision systems for the pilots that maintained safety and performance capabilities while eliminating the need for a drooped nose similar to the Concorde. Another critical element to the program was the development of a propulsion system that would not harm the environment both in atmospheric effects as well as mitigating the noise, while providing the performance and durability required to keep the aircraft economically viable. American Institute of Aeronautics and Astronautics would be used as a calibration of the design analysis tools as well as the noise prediction codes. In addition, advanced operating procedures for take-off and landing would be evaluated. The final objective was to assess integration and "real-world" operation of high-lift devices. A schematic of the ground to flight correlation is shown in Fig. 5 . 
CAWAP
During the Phase 1 experiments on the baseline F-16XL aircraft in the spring of 1994, the remainder of the project as planned was cancelled due to funding limitations. Sufficient funding was provided to complete the first phase of the project, with a slight change to the objectives. This was the start of the CAWAP as it is known today.
The revised objectives were to document upper-surface flow physics at high-lift and transonic test conditions and to characterize the stability and control of the aircraft. The original intent of a flight, wind-tunnel, and CFD correlation experiment would be maintained, albeit for the baseline F-16XL configuration only. Table 2 illustrates the extensive set of planned comparisons between flight, wind-tunnel and CFD, and Table 3 The modifications are for additional comparisons that were overlooked at the time of the publication.) American Institute of Aeronautics and Astronautics Leading-edge boundary layer Hot-film gauges Flight *The "a" in the item number signifies a reduction in the actual versus planned number of items being compared.
Note that in Table 2 an attempt was to be made to perform off-surface laser-vapor-screen data using seeded material, and to develop surface streaklines using propylene-glycol-methyl-ether. However, these two types of data were not obtained due to the lack of funding and higher priority datasets that needed to be collected. Moreover, consideration was given to perform PSP in flight; however, it quickly became apparent that the timing and cost of the technological development was beyond the scope of this project. The concept was to use the laser light-sheet in combination with a surface coating to obtain the pressure data, but it only reached the idea stage in a discussion between NASA Langley researchers and key personnel from the airframe industry. In addition, since the laser system was not funded to completion, this idea had to be abandoned.
Data available from CAWAP
Seven different types of flight data were collected, as per Table 3 , and four are shown schematically in The right-wing surface pressures -mostly upper surface -were measured using 337 static ports, both flush (LE region) and in streamwise belts, through eleven 32-port ESP transducers -also called modules. Of these 337 ports, only 326 proved to be reliable and the distribution was 280 on the upper surface and 46 on the lower. The ports were arranged so that there would be a sufficient number at a given BL or Fuselage Station (FS) for cross plotting, as well as for covering other regions of special interest; i.e., the apex and ahead of/and behind the hingelines of the trailing-edge control-surfaces.
Boundary-layer measurements were made using two, two-inch high, rakes at a time at four different positions on the left wing and the most inboard one was always used as a control. Each rake used 16 active tubes -15 total pressures and one static pressure -of the 23 available. These two rakes were connected to one 32-port ESP module located inside that wing. When mounted on the aircraft, each rake was oriented into the local flow at an average angle over its height based on initial CFD predictions from the CFL3D code. The average of the local flow at-and slightly off-the-surface were used to establish the rake orientation angles for
FC7. This figure also shows the relative locations of the modified Preston tubes. They were to be located at the same fuselage station as the boundary-layer rakes, but a more aft position for the tubes was necessitated due to easier aircraft installation and to avoid the flow off a step in the leading-edge region. 
Video suite
Video data was recorded with up to six external cameras; two mounted atop the vertical tail, one on either side of the fuselage behind the canopy, and one in the nose of each dummy missile. An internally mounted HUD camera was also used on occasion. Figure 9 shows the camera locations on the aircraft. The time was added to each image by a time-code inserter so that the images could be compared to form a composite and so that the flight test conditions could be established. Images of interest were digitized in a 512 by 480 pixel format for further processing in order that quantifiable video data be developed. In addition to the images, the other input quantities needed for the processes are the video targets and the position and calibration characteristics of each camera/lens combination. 
Database of results
A database was set up, as described in Appendix B of reference 2, to facilitate data comparison between the various CAWAP sources; i.e. flight, wind-tunnel and CFD. The data types used for comparison were local surface pressures between the three sources, and boundary-layer and skin friction between the flight data and CFD predictions. Moreover, the database stores administrative information about the tests (meta-data) and the full, mass storage, path name of the resulting data files. For the EFD measurements, the data stored are files of pressure, force/moment, still photographs, and two-dimensional images digitized from videotape (both instantaneous and time averaged); for CFD predictions, the grid and solution files are stored as well as C p data at selected FSs and BLs. 
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Figures 11(a) to 11(n) show good overall agreement between the measured and predicted results at this flight condition. There are, however, three notable exceptions. The first is that the primary vortex effect on the suction peak at BL 55, the most inboard location, is under-predicted. The second is at BL 153.5 where the measured data has its primary-vortex suction-peak more forward than predicted and is followed by a more rapid compression downstream. Lastly, is the unusual and uncharacteristic variation near 2y/b l =0.6 for FS 185. The associated ports for the latter are located in and towards the aft-end portion of the S-blend curve part of the airplane, a region where the flow is very sensitive. Even with this unusual behavior of C p , these results are retained because they do bracket the predicted data at this FC. circles are video targets used for camera registration.] In particular, Fig. 12 (a) presents the camera combination obtained by using the video targets with camera location and orientation angles. Figure 12 (b) shows that the CFD surface streamlines compare well with the flow depicted by the surface tufts. Figure 12 (c) shows the addition of the stagnation pressure iso-surfaces -at a value of 0.78 representing the locations and extent of the various airplane vortex systems -with transparency. As expected from the results of the surface comparison, the vortex system is well located with respect to the flight tufts 2 .
(a) Tuft images projected from three cameras onto aircraft grid.
(b) Combination of tuft images and CFD surface streamlines.
(c) Combination of tuft images, streamlines, and vortex systems. Figure 13 shows the boundary-layer profiles of measured and predicted data. The profile for B.L. rake #3 is seen in Fig. 13(a) to be that of a classical, streamwise flow and this location was measured on all such flights to be used as a control. This figure shows good data repeatability and that the predictions agree well with them away American Institute of Aeronautics and Astronautics from the wall. The data presented in Fig. 13(b) for B.L. rake #4, underneath the primary vortex, shows that the predicted trends are seen in the measured data, including the y location for the onset of 'jet-like' flow followed by a reduction from there to the rake extreme. Figures 13(c) and 13(d) are associated with the secondary vortex, one underneath the core (#5) and one along the secondary separation line (#7). Two points are highlighted with respect to these two rakes data sets: the predicted values do not match the measured ones but do show how the anticipated flows would impact the boundary layer profiles; and for all practical purposes the two measured data sets are the same with a profile that does not asymptote to the boundary-layer rake extreme value. Figure 14 shows the predicted and measured local skin-friction coefficient at FS 330 for FC7 and FC19, respectively, as these FCs were quite close. High skin-friction peaks are an indication that a vortex system is present above the surface. Both sets of data show at least two such peaks. The predicted values for the primary (inboard) vortex have a different trend and reach a lower value than the measured data, and the vortex location is predicted more inboard than that measured -~BL -90; however, the solution does a somewhat better job in estimating the peak value and location of the secondary vortex, albeit with two unexplained oscillations which trail toward the LE (BL~ -116). 
Features
The features of the CAWAPI are contained in the foundational document for the task group known as the "Terms of Reference" -an internal RTO/AVT panel document. In particular, there are basically three objectives to be performed under this task among the participants. They are detailed as follows:
1. Assessing various CFD codes against F-16XL-1 flight, and perhaps wind-tunnel, data sets in order to increase the Technology Readiness Level of the respective codes to a value of 5 ("Component and/or breadboard verification in a relevant environment").
2.
Developing best practices for each code based on the data sets.
3.
Incorporating appropriate or upgraded turbulence models into the respective codes to provide for improved agreement. American Institute of Aeronautics and Astronautics These were to be accomplished by having each of the participating groups be responsible for certain aspects of the work. For example, each participating group will use their best efforts, consistent with program priorities and funding, to perform the agreed upon detailed tasks, and to be responsible for providing its own resources for the completion of this task. In particular, NASA agreed to do the following:
1. Supply export-controlled geometry in various formats (iges, structured grid and unstructured grid) of the F-16XL-1 aircraft to participating partners once formal Memorandum-of-Agreements are in place.
2.
Make available flight pressures, images, skin-friction and boundary layer measurements to the team.
3.
Supply data format to and coordinate database services needed by the group.
4.
Coordinate the various efforts and arrange for meetings each 6 months in conjunction with RTO Symposium.
5.
The completion date of this task should be a maximum of 3 years after all approvals are granted. The initial ending date was set for December 2005, but this was later extended to December 2007, due to a variety of factors.
The fact that the aircraft geometry was restricted by 'International Traffic in Arms Regulations' (ITAR) complicated the process of NASA fulfilling its obligations until it was realized that a Virtual Laboratory, housed in an electronically secure DeMilitarized Zone, was a solution for geometry and grid transfers among participants.
Details about this have been documented 16, 17 . Accessibility to both old and new data was provided through the VL to the participants. After the conclusion of the task group, it was anticipated that portions of the database would be made widely available via the VL, but that is highly unlikely given the current environment.
The CAWAPI facet work was facilitated by having well-known and highly respected organizations/researchers as members of this international effort working under the RTO "umbrella". These Unfortunately, not all of these were able to continue to the end of this facet, and some optioned to continue in the VFE-2 facet instead.
Presentations
The original CAWAP solutions were obtained using a structured grid solver, based on a documented iges file with refinements, compared with measured flight data, and reported in reference 2 for the F-16XL-1 aircraft. It was anticipated that the new solutions would employ both structured and unstructured grids. Rather than just use the same iges file as before, it was decided to reinvestigate the geometry, find the best iges file available, and make certain that it was equally suitable for both solver types. The new iges file is only slightly different from the previous one, but it satisfied both 'grid' communities. The process of obtaining grids for both structured, as well as unstructured, solvers from this iges file is detailed in reference 18 and Fig. 15 is a sample from that paper. When the CAWAPI computational effort commenced, the majority of those performing computations planned to do so using structured grid solvers; however, in the ensuing years that trend has reversed and now the majority are using unstructured grid solvers. A partial reason for this movement has been the improvements made in these solvers that include the potential and actualization of breaking a solution down into components for parallel processing, and the potential for automatic grid generation. Both of these can lead to significant time reductions from geometry specification to solver results. In the listing of papers that follow, authors have utilized their solvers American Institute of Aeronautics and Astronautics -structured [19] [20] [21] or unstructured 22-28 -in order to determine the best practices for each code and type of flow combination and then made comparisons with each other's predictions or flight data as they deemed appropriate.
Each of these papers has its own focus, but also contains common comparisons. For example, reference 19 emphasizes surface streamlines and understanding the relation with the off-surface flow, as shown by the sample respectively. Figure 24 26 shows Mach 1 iso-surface colored by total pressure at FC70. Please note that all of the above referenced papers have been summarized into the following five articles in this "Prediction of F-16XL Flight Flow Physics" special section. These articles follow the same general arrangement as the conference papers in that the next paper in this sequence is the geometry/grid discussion (ref. An initial group of four flight conditions with either vortex-dominated or transonic flows were adopted by this facet for prediction and comparison. These were later expanded to seven and included two sideslip conditions (See Table 4 ). Associated with each was a set of pressure/temperature/Mach number values for a generic engine (See Table 5 ). 
Concluding Remarks
A. Aircraft companies, government laboratories, and universities have access to database sets that may include flight data, but many of these sets are considered proprietary and are only used by them to assess and improve their codes. They hold this information in a closed environment so as to maintain a competitive advantage. The CAWAP dataset, being open, allowed researchers in these organizations to predict flight data in a cooperative manner under the RTO "umbrella" and facilitate doctoral studies.
B. There is interest in the international aeronautical community (airframe companies, government laboratories and universities) in being able to predict the flow physics measured on a fighter aircraft.
C. An international team of experts can be assembled with enough patience and institutional support when there is a focused common problem of mutual interest that can provide positive payoff for each organization. 
Summary
This paper has traced the F-16XL-1 aircraft and the flight flow-physics data from a NASA-only activity to encompass others in the NATO community interested in predicting these data. The Cranked Arrow Wing Aerodynamics Project (CAWAP) has been internationalized under the auspices of the scientific arm of NATO and the Technology Readiness Level of computational tools has been increased. Sample results obtained by CAWAPI facet members have been highlighted to show the breadth of work to be presented by them in their own papers.
